Approximately 10%-20% of people have Irritable Bowel Syndrome (IBS) worldwide. It is well known that IBS is associated with altered motility of the intestine. Currently, the diagnosis of IBS is made through expensive invasive radiographic and endoscopic examinations. The bowel sounds (BSs) are produced by the propelled-air during peristalsis, and can be easily recorded using non-invasive and low-cost equipment. In this study we propose a novel autoregressive moving average (ARMA)-based method to automatically detect BSs, and we use the measure, BS duration (BSD), to capture gastrointestinal motor activity. The performance of the proposed method is investigated and evaluated via computer simulations. Working on healthy volunteers during mosapride administrations, we show that the proposed method for automatic detection could achieve a sensitivity of 83.4%, specificity of 93.3% and accuracy of 91.2 . Moreover, we show that the measure BSD can conveniently capture gastrointestinal motor activity. Our findings should have the potential to contribute towards developing bowel-sound based diagnosis of IBS.
Introduction
About 10%-20% of adults and adolescents have symptoms consistent with Irritable Bowel Syndrome (IBS) worldwide, and the estimated Prevalence of IBS in North America and Europe range from 1% to over 20% [1, 2] . IBS is characterized by recurring symptoms of abdominal pain and abdominal bowel habits associated with altered motility of the intestine [3, 4] . The diagnosis of IBS is made through expensive invasive radiographic and endoscopic examinations. These methods are inconvenient and unsuited for community screening. These are also not available for monitoring the disease over a longer time period.
During peristalsis of the intestines, bowel sounds (BSs) are produced by the propelled-air [5] . BSs can be easily recorded with non-invasive and low-cost equipment. It is definitely advantageous over conventional diagnosis device.
In recent year, several researchers have analyzed BSs during drug administration and meal ingestion [6, 7, 8, 9, 10] . In [11] , researchers have reported that sound-tosound interval of IBS is shorter than that of healthy subject.
These researches have reported a relation between BSs and activity from the following features: sound amplitude, spectral components and sound-to-sound intervals. However these researches might be uncertain about the performance of detection method.
The BSs are usually recorded with background noise such as heart sound and breaths sound. Therefore, several researches for BSs automatic detection have been reported in different methods such as the wavelet denoising-based algorithm [12, 13, 14] and neural network classifier [15] .
However those efforts generally suffered from the facts that: (i) an objective definition for bowel sounds was not used, (ii) a filtering process was used for removing background noise.
In this study, we address above issues, and propose an automatic method to detect the BSs based on the 3dB bandwidth of the frequency peaks in the autoregressive moving average (ARMA) spectrum. Moreover, we propose the use a measure, BS duration (BSD), to capture gastrointestinal motor activity. The performance of the proposed method is investigated and evaluated. Using BSD, the relation between the detected BSs and gastrointestinal motor activity is investigated during mosapride administrations.
Method

An objective definition of bowel sounds
Currently, there is no objective definition of bowel sounds. Figure 1(a) shows a sample of a recorded sound, and (b) BS recorded through our recording system. Almost all BSs are observed as amplitude modulation-like fluctuation in our investigations. It can be assumed that the waveform of BSs is derived from the 'beat tone'-like frequency properties. The beat tone has one beat-related frequency (BRF) which is the average of the frequencies of the mixed waves. In this study, we define term bowel sounds episode as an episode containing sound with 'detectable period of the BRF' [16] .
In this paper, the BSs were identified by visual inspection of waveforms followed by a careful listening process.
Bowel sounds acquirement system
The work described in this paper uses the bowel sounds acquired with non-invasive instrumentation in the quiet room of our university. In order to record the sounds, we used an electronic stethoscope (E-Scope2, Cardionics Inc., Texas, USA) placed on the right side, 9cm from umbilicus. The electronic stethoscope has a frequency response ranging 50 to 2000 Hz. In this study we treat the sound within its bandwidth. It is well known that the frequency content of the BSs is mainly between 100 and 500Hz [8, 14] . The position of stethoscope is based on Crain's report [17] . The sound was recorded through a multi track recorder (R16, ZOOM Co., Ltd., Tokyo, JAPAN) at a sampling rate of 4kHz and a bit resolution of 16bits. The bowel sound recordings from 15 healthy volunteers were used for this work. Among them, the 11 recordings were started during 30 min after a fasting of 12 hours, the sounds were recorded during 2 hours after oral 10mg mosapride (Gasmotin tablets, Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) administration. All the experiment was carried out in a supine position.
Note that the plasma concentration reaches its maximum point at the time of about 60 minutes after mosapride administration [18] . For this reason, we recorded from these subjects for a time period of control and after Mosapride administration.
Automatic bowel sounds detection
The overall method proposed in this paper is illustrated in Figure 2 . We now consider the use of ARMA model in modeling a recorded signal x(n). For this purpose, we divide the signal x k (n), k=1, 2, ..., K into segments of length M, with the segment overlap length given by S. For each segment, after linear trend which is derived from background noise was removed using least square regression methods, the signal can be modeled by ARMA (a, b) structures, as given by:
Where a and b are the ARMA coefficients, respectively. w(n) is the white noise of variance ! w , and parameters p and q are model order, respectively. The information criteria, such as the minimum description length (MDL) and the Akaike's information theoretic criterion (AIC) have been used for AR-order selection. However it is known that these methods are not robust/accurate enough for realistic applications due to over-estimation [19] . Thus, the spectral fit to FFT spectrum was used to choose the order of ARMA model.
In this study the Prony method was used for ARMA coefficients estimation [20] . For implementing the method, the method l-length impulse response of the AR(m) model was computed.
The power spectrum of ARMA process given by is generated by filtering unit variance noise with a filter containing a poles and b zeros. Where, D is the length of the zero-padded segment [21] . Under the low-SNR condition, the narrow-band AR processes would require higher model order compared to the broadband AR processes [22, 23] . Even at this condition, the spectrum with sharp peaks can be modeled by ARMA method.
The BRF results from the adjacent frequency component. It is observed as sharp peak in ARMA spectrum. We here define the novel measure to characterize the sharp peak, as given by
where BW 3dB is the 3dB bandwidth at peak frequency. It is defined as narrowest 3dB bandwidth when multiple peak frequencies appear in spectrum. When BW 3dB cannot be computed, it is zero valued. This measure ! k gives the sharpness of spectral peak.
Note that the 3-point median filter was used for smoothing ! k .
Detection accuracy of automatic detection method
In order to evaluate the performance of the method, we constructed receiver operating characteristic (ROC) curve. The sensitivity, specificity and accuracy were calculated as given by:
Where TP, TN, FP, FN are the number of true positive, true negative, false positive and false negative detected segment. We here define the individual BS segment as sound having duration larger than 20ms without a period of silence [12, 14] . Note that TN and TP denote the number of correctly detected non-BSs and the number of correctly detected BSs, respectively.
Measure to capture gastrointestinal motor activity based on bowel sounds
In order to investigate the relationship between gastrointestinal motor activity and BSs, we use the BSD, which represent the incidence of BSs. The jth BSD is defined by:
Where T j is time at the end of segments identified as BS, and T j+1 is time at the start of segments identified as subsequent BS.
The average of bowel sound duration (BSD) is given by:
Where J is the number of BSs in 30 minutes. High BSD and low BSD are an increase and decrease in the incidence of sound, respectively. Figure 2 The overall method proposed in this paper
Results
Evaluating the performance of the proposed BS detection algorithm
For this work, we randomly selected 25 one-minute recordings from a total of 10 subject recordings. We evaluated the performance of the proposed method using all of these recordings. Table 1 gives the detail of anthropometric database of total 10 subjects. Table 2 shows information on the number of BS/non-BS segments manually identified from 25-minutes recording. In order to evaluate the performance of BS detection method, we carried out automated simulations by using the following parameters: M=256, S=192, m=30, l=4000, p=5, q=5, D=1024. In Figure 3 , we show an example of an estimated spectrum for demonstration of its shape. The variance of ! k in the experimental group is illustrated on the Figure 3 Note that these variances of both experimental groups are very small.
138
Via ROC curve, we found that a best cut-off of ! k , Th=0.00006 yielded a sensitivity of 83.4%, specificity of 93.3% and accuracy of 91.2 . The solid and dashed line are BS and non-BS respectively Table 3 The sensitivity, specificity and accuracy at the best cut-off. 
Evaluation of gastrointestinal motor activity
Using the best cut-off obtained by ROC curve, we investigate the relationship between BSs and gastrointestinal motor activity induced by mosapride. For this work, the full recordings from total 11 subject recordings were used. The subject information was shown in Table 4 .
The measure BSD was computed at time period of every 30 minutes. Table 5 shows the performance evaluation results of BSD for time period of control and after mosapride administration. According to table 5, the almost subjects had a minimum BSD between 60 and 90 minutes after recording. These results are associated with the time to maximum plasma concentration of mosapride. On the other hand, the subject v8 had a minimum BSD between 30 and 60 minutes, and v3 had a minimum BSD between 120 and 150 minutes. This should be due to the time differences in drug effects derived from subject constitution and intestinal contents in the lumen.
From the results obtained, we found that compared to time period of control, BSD is shorter in the time period after oral mosapride administration.
Therefore we conclude that the proposed method can conveniently and automatically capture the gastrointestinal motor activity through the measure BSD. 
Discussion and onclusion
In this study, we proposed an objective definition of BS, and novel method to automatically detect BSs using measure ! k . We showed that the proposed BS detection method could achieve a sensitivity of 83.4%, specificity of 93.3% and accuracy of 91.2 . The proposed method is computationally simple, very effective and fast. Moreover we showed that the gastrointestinal motor activity during mosapride administration is reflected in the measure BSD. IBS is associated with altered motility of the intestine. We strongly believe that the results obtained in our work have the potential to contribute towards developing bowel-sound based diagnosis of IBS. However, these experiments were carried out in a quiet environment. In future work, we will investigate the robustness of the method against noise.
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